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SCTION I: PLASMA THEORY AND SIMUILATION

A. Oblique Electron Bernstein Wave Investigations
Linear Response Limits

Wn S. Lawson

In studying these waves, obtaining Umites to linear response was found to be very important.
Hence, a simpler model was chosen. The results are being prepared as an ERL Memorandum (now .. ,.
ERL Memo M86144, June 3, 1986) with title and abstract as follows: *,r.

Limits of Linear Response of a Vlasov Distribution

by ..by
~~William S. Lawson-

~~~Abstract. V.-

Th linear response of a spatially periodic Vla$w plasma dibution fmction is computed to .
second order m the electric fld (this p e s also given justification). e results for a specific

elctric field are then compared with the results of computer smulation for different amplitudes ofthe electric fied. I'm onset of the deviations from linar theory as the amplitude increases are., ,,-.

c ly r ted by trapping theory, indicating that trapping i rsposibe for lmitin the validity
d. linar theo.

B. Simulation of the Effect of Large Amplitude RF-Waves on
the Interchange Instability-Supporting Theory

C. One-Beam Alfvdn Ion-Cyclotron Instabilities of Multiple p

Ion Distribution Functions

D. Linear Mode Coupling in Simulations of the Alfvin
Ion-Cyclotron Instability

Niels F. Otani

Fn al reports am in preparation in all of these areas, to be issued as ERL memoranda, to be
sent ot with the QPR's, when ready. The tides may be altered slightly from those above. One
ahetrt follows.

E. Simulations of the Weak Warm-Beam-Plasma Instability:
Study of the Correlation Functions "

Dr. K. Theilhaber

This is work begun by Dr. Theilhaber in France and completed here, to be
issued in an ERL Memorandum. "Numerical Simulations of Turbulent Trapping in - t 4

the Weak Beam-Plasma Instability," by K. Theilhaber, ERL Memo M86/50. June 5, . -.

1986.
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The Alfv n Ion-Cyclotron Instability: ;'"
Simulation Theory and Techniques 5:m

.:

%",

Niels F. Otani
Electronics Research Laboratory

University of California
Berkeley, CA 94720 V. -

U. _

A particle-ion, fluid-electron computer simulation code is used in the study
of the Alfv6n ion-cyclotron (AIC) instability, a parallel-propagating electromag-
netic instability driven by temperature anisotropy in the ion velocity distribution
function. A numerical odd-even mode is suppressed by means of a two-timestep
averaging method. Excellent energy conservation is obtained by using a method
similar to the Boris particle mover to advance the transverse fields. Linear growth
rates obtained from the code differ substantially from those predicted by uniform ,.
Vlasov theory, here derived using a multifluid model. Short wavelengths in partic-
ular show substantial growth rates when damping is predicted, and additionally
show strong linear mode coupling. Positive growth rates are even observed in
the case of a Maxwellian ion distribution. Disagreement is also generally found
among short-wavelength mode frequencies. These inconsistencies are resolved by
taking into consideration general grid and discrete-particle effects of the simula-
tion model. A theoretical study reveals a real, physical process by which an ion
distribution may collisionlessly relax via short-wavelength AIC instabilities acting
resonantly on small portions of the distribution function. This process is combined
with a linear mode coupling theory and other characteristics of the AIC instability
to explain all observed differences. Nonlinear short-wavelength saturation levels
are also obtained and their relevance to other field-aligned, electromagnetic sim-
ulations is discussed.

To be issued as ERL Memo M85/91, November 25, 1985
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SECTION U1: PLASMA-WALL PHYSICS, THEORY AND SIMULATION

A. Transport of Particle and Energy Fluxes through the ,'-
Plasma-Sheath Region Induding Ion Reflection

L Ann Schwager

I. Introduction

Ion reflection at a collector plate affects the ability of the sheath to thermally insulate

the plate from the plasma. The atomic data for ion reflection and derivation of electrostatic

potential drop through the sheath and of the kinetic energy flux to the plate is discussed

in a previous report (QPR mIV 1984). Through this analysis and detailed comparison

to simulation using PDW1, we have found that, for a bounded system with a constant,

injection flux, increasing the reflected ion current generates a potential which decreases the

insulating effect of the sheath. For this study we use an ion to electron mass ratio of 40

and ion reflection coefficients of R =0, 20, and 40% with the same system model as before.

Our simulation of a bounded system with a constant injection source models the con-

stant generation of ions and electrons by ionization in the central, collisional section of a

plasma device. Consequently boundary effects, such as ion reflection, affect not only the

plasma characteristics but also the actual, equilibrated density in the system. Thus for a

system with constant, injected flux, the increase in ion reflection causes a buildup of plasma

density which overall increases the kinetic energy flux to the plate.

II. Theory Review

In the previous report (QPR miV 1984) we describe the kinetic energy flux to the

plate as the sum for all three plasma components of the energy carried per particle times the .

particle flux at the electrically insulated boundary. First let us consider the contribution

of the electrons. In one dimension, on average each incident electron, with a mean speed of

(v) = (2kT/irm)'/ 2 , carries an energy of lkT to the plate by thermal effusion.' Kinetically

-3-.. -,2." ..
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the mean speed of these Maxwellian electrons is defined by

(v) ep 7- vd,,. (1)

0

The density of electrons hitting the plate is one-half the density determined by the electro-

static potential through the Boltzmann equation:

=2 e-P7 ) (2)

A discussion of why the electrons carry an energy of lkT (in one-dimension) is presented

in the appendix of the aforementioned report. Hence electrons with an energy

E,.= kT (3)

contribute a kinetic energy flux of

Q = F.okT, (4)

where the particle flux at the plate is

n. exp Tv). (5)

Using the following definition, we can derive this relation for Qeo in one-dimension with

00
Qo =n. (27r~ f- U  v3 e 2 -v2,)v (6)..,..

We next evaluate the contribution of the primary and reflected ions to the kinetic

energy flux at the plate. Because we assume the plate is electrically insulated or floating,

the electron flux Fo equals the primary ion flux Fo into the plate minus the reflected ion

flux Fo0 away from the plate. Using the definition of ion reflection coefficient,

R -F,.o/Fo, (7)

-4-
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along with the open circuit condition, we find that
p .. 4*I

Fo = Fo/(1 - R) (8)

and.-. #

F..= -RF o/(1 - R). (9)

The primary ions carry their initial energy £, on entering the sheath region plus that

gained from the drop in potential of -e.0. Thus each primary ion imparts to the plate a

total energy &0 where

&o =,o - e 0 . (10)

For simplicity we assume the plate absorbs no energy during reflection. * Then the reflected

ions remove the same energy as the primary ions add. As shown in the previous report

(QPR MiV 1984: Eq. (18)), 2: _ kT/2 for cold ions. With the injection of warm ions,

Ti = T, these enter the sheath region with initial energy C,,. equal to T. With this

assumption then the kinetic energy flux for primary ions is "V,.

JFkT eo\
= o T (11

1- R'(-T)
F

and for reflected ions is

QT- I _ . (12)

In an equilibrated system with a constant, injected flux and temperature, the electron

flux incident to the plate must be equal to the injected flux F,.. With the same Feo for

• Typically for a low temperature plasma, the wall absorbs about 20% of the incident

particle energy. The specific fraction depends on the mass ratio of the incident particle and .

wail target.2  -

-5- S
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each variation in reflection coefficient 1, we see that Qeo is independent of R as is neo.

Thus for the plate electron density of Eq. (2) to be independent of R (and t0o) then n.

must be increasing. For the ions, net kinetic energy flux, Qio + Qro, depends directly on

the floating plate potential. As we increase R, this drives up the magnitude of the potential

tOo according to the previously derived relation (QPR i,rV 1984: Eq. (21)), which is

-eO In (,+R )(2 M~ 1/2]
k-T-  'm (13)

Thus the net ion contribution rises slightly only because of the added energy that the ions

gain in accelerating through a larger potential drop.

Instead of fixing the injected flux, suppose we hold n, constant by appropriately

lowering the injected fluxes as we increase R. Then the larger sheath drop will better

insulate the plate from the hot electrons, i.e. Qeo falls linearly with F,0 0 . With n fixed,

ion kinetic energy flux falls because the exponential drop in plate density overshadows the

small gain in incident ion energy.

The choice of whether to fix n, or F.,, dramatically affects the dependence of Qo

on R. We show this difference in the two graphs of Fig. 1. The parameters used in the

simulation and substituted into Eqs.(4) and (11)-(13) for Fig.1 are Fo = 500, M/m = 40,

and e = kT = 0.05. Potential is calculated with Eq. (13). We believe that holding the

injected flux constant, rather than n,, better models a bounded plasma device. From this

point forward all statements of trends will use the assumption that we fix the injected flux

while varying R.

III. Simulation Transport Diagnostics

Next we present how PDW1 evaluates the above plasma characteristics. Diagnostics

for moments of the distribution function are evaluated as particles leave the bounded sys- "

tem within each time step. Usually at each time step we can extract the velocity of all

• .--.- a.

.".
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the particles weighted to a grid point. Distributing the particles according to velocity into . l

many velocity bins of width Av determines at that position and time the particle distri-

bution, f(v)Av particles in element Av. As particles penetrate the plate, the simulation

provides the velocity of each particle passing the last grid point per unit time, i.e. the

flux distribution, vf (v)Av particles in the element Av per unit time At. For each passing

particle, indexed with i, then vifi(v)Av=1. If we let V =vjfj(v)Av, then the particle flux,

in numbers per At, hitting the plate is

Fo=Z V. (14)

Similaly the effective density at the plate is

no = Vi/v. (15)

Hence the mean speed of these particles is

(v) = Fo/no. (16)

We calculate the average kinetic energy that a particle has at the plate with

0= -Z viv,. (17)

Finally the kinetic energy flux is determined with

Qo= 7 v (18)

To reduce noise in these diagnostics, we evaluate the spatially-averaged plasma period and

then average the above values over that plasma period. "."

O% IV. Simulation Set-up

We use the same model as that shown in the previous report (QPR IIIIV 1984).

Specifically the input used follows in Table 1.

.- ,
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Table 1. Simulation Set-Up ".

.%.%

System Parameters Injection Parameters

Initially Empty Ion Flux=500.
Open External Circuit Electron Flux=500.

Length=2. Electron Thermal Velocity=l.
Grid Number=-128 Ion Thermal Velocity=0.158 '

At=3.906x10 - 3  Electron Temperature=-0.05
Particle Charge--0.05 Ion Temperature=0.05 '-V%
Electron Mass=0.05 ,..

Ion Mass=2.

V. Comparison of Theory and Simulation

To determine the theoretical values for kinetic energy flux, we inserted the potential

calculated in the simulation into Eqs. (10)-(12). The magnitude of the plate potential

measured from the simulation exceeds that predicted in Eq. (13) because the injected ions -;

enter the system with Ti =T rather than Ti < T. The first results for each variable listed

in Table 2 is that which theory predicts. The second result is output from PDWI. The

range indicated for simulation results show the amplitude of oscillation. All values from .

simulation are measured after the total number of particles in the simulation is unchanging.

We present in Fig. 2 an example of the history of kinetic energy flux to the plate ,

for both ion streams. Here R = 40% for a flux history that spans the last fourth of the -

simulation in time. The small dip at time = 87 occurs because the ion-ion two-stream

instability causes the ion streams to interact and whirl. (See the previous report.) This

results in an effective reduction in kinetic energy flux because of the drop in density from

the ion hole created in phase space which hits the plate. Figure 3 shows the ion phase space

profile at six times during the simulation.

VI. Conclusions

All of the assumptions used in the derivation of the time-independent theory of ki- 1

netic energy flux to a boundary with ion reflection are verified by our simulation using

4-.- - i
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PDW1. Even with the onset of two-streaming, the average value of the transport results

is unaffected.

We determine that the electrons do indeed carry an average energy of lkT to the plate N

as verified in Table 2 by the results for QO. However with the diagnostic of average particle

energy at the plate, we see that PDW1 consistently generates Eo -,kT/2 rather than kT.

In addition PDWl generates for all three cases an electron temperature profile that drops

from kT at the source to kT/2 at the plate. Thus the history of electron kinetic energy

at the plate indicates that .60 equals the electron temperature measured at the plate. We

point out in Table 2 that Qio is also accurately predicted. This verifies the assumption

that the ion energy carried from the bulk plasma to the boundary is kT - e¢o. Again

the value Ao specifically calculated by PDW1 is overpredicted by theory. If we use the -

computational results for &, along with Eq. (11), then we find &,,. is 0.84 kT for R=0%

and 0.88 kT for R = 20% and 40%. Consequently we ask the following question with the

hope that in the near future we can answer it. Is the average energy that a particle carries

from the bulk plasma to the boundary that same as the average kinetic energy that a

particle has when hitting the plate?

Reference

[1) J. H. Jeans, The Dynamical Theory of Gases, Dover Publications, New York, 1925,
p.121.

[2] R. A. Langley et al, "Data Compendium for Plasma-Surface Interactions", Nuclear
Fusion special issue, (1984), pp.12-27.
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Theory and Simulation Results

Variable Reference R 0% 20% 40%

Eq(%

6 %S

-00 (13) 0.93 1.33 1.77
-1.04 ± 0.10 1.40 ± 0.11 1.82 ± 0.15

no 627 627 627
(15) 630 ±90 630*±110 630 ±180

F~o - 500 500 500 -

(14) 500 ±20 500 ±20 490 ±30

F,. (9) 0 -125 -333
(14) 0 -125 ±7 -330 ±25

teo (3) 0.05 0.05 0.05
(17) 0.026 ± 0.004 0.025 ± 0.005 0.025 ± 0.005

40 0.102 0.120 0.141
(17) 0.094 ± 0.007 0.114 ± 0.004 0.135 ± 0.006

Q.o (4) 25 25 25
(18) 25 ±1 25 ±1 25 ±2

QiO (11) 51 75 117
(18) 51 ±2 75 ±4 117 ±7

Q,.o (12) 0 -15 -47
(18) 0 -15±3 -47±5

*neo=Feo(2kT/irm)-1 /2 from Eqs. (2) and (5).
Use Eq. (10) with U,~k.

Table 2. Comparison of theory and simulation using
the values presented in Table 1. The first value for
each variable is that from theory; the second is from PDW1.

-10- .
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000 -- - - - - - - -- - - --
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Figure 2. History of kinetic energy flux to the plate by (a) electrons and
(b) primary ions and reflected ions for R=40%. Time units in

WE ".°%* °

. " -. . " 5 %.- . - -

step number x At. Shown in time is the last fourth of the simulation run.
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time= 13 t~e 47

- ~ ~~~~~ -- -- - - --- -

. ... .%. ... . . .- ... .. .......

time 109 tm 2

Figure 3. Profies in ion phase space at various times for R=40%. Source at x 0. WAN
Plate at x =2. Ion thermal velocity at x 0 is 0. 158. Primary ions are denoted by ""

reflected ions by ""
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B. Planar Magnetron Discharges

Amy Wendt (Prof. Nt A. lieberman, Dr. Herman Maith)
Perry Gray (Prof. C. K. rdsal)

(i) Pr o n xpernnm.a Aprau-

Cmruction and testing of the opmisntal aparaus has been cmpleted, and it is now in
us& No major dei chan from that already descibed in prvou reprs were ne.esr Elec- "

trodes have been imnamed oan lstus which carry two teflon o-rim that seal the piston radial-y
against a cylimical outer chamber. A diffioa pump evacuates the main vacuum region, and a

.1. nmmhaacal pump differentially pump between the two seals on each pston 'Ibs prevents air frm
leaking into the main vacum region when the istm am moved duiang operatin This design has
prawn successful; the sstmA has a base pressure of less than 10- 5 torr.

lbs eectrunagna for planar magnetron operation of the aserimet has. been designed and
buil. lh design was competed with the use of POISSON, a two dimemonal magnet modelling
code availabl to m through National Magnetic Fusion Fmrgy Computing Ctnter. Given the
geometry of a magta design, the code map out magnetic field lis and contours of constant mag-
nctic eld. Ibis allowed us to choose a configuration of magnetic windings ani irm core which
would fit th V=ac valable and wnich would optimize the mirraring of electrom in the magn"etic
fidd. In order to retain some flexibility in the geometry of the magnetic field, remvalie pole pieces
wre ued on the ion core which may be replaced by pole pieces of different shapes. "lTb mag
ho bow womi and tests ham been made of the water cooing and electrical systems. The magnet
is now st up on a workbench so that its magnetic field can be measured. A poor man's optical
bench ha been devised so that a gauss-meter can be used to make spatially resolved measurments
of radial and azimuthal fields. B, was measured as a function of r for various values of z with
results very smil to ig. 3 in QPR 3 and 4 1984, page 53; B, 1000 gauss at the cathode plate was
obtained for magoet current of 2900 A. The magict will be installed as soon as testing is completed.

At the sme time, work has been doe oan charactizng the dc glow discharge. The autacnatic
prm cor system, ha been set up and mrks well Several Iarnuir probes have been made ".'
and are moumted on the diagomtic ports. The probes have sliding seals so the radial position of the
probe can be vaied. A single Langmuir probe has bema made out of 0.005 in. diameter platinum
wire enaed in alumina tubing with a 0.014 in. sphere expd to the plasma. The spherical probe
tip was made by heating the end of the platinum wire with a torch. Two dailte probes have also
been made. he two probes which make up tie double probe are biased with respect to each other
but float with respect to the chamber. One of the double probes was made with platinum wires
cmctly as described above for the single probe. The other double probe was made using a pair of
paralleled platinum disks 0.313 in. in diameter. The back sides of the discs were coated with epoxy
resn so that they am nonconductive. The increased area of this double probe allow for an increased
probe curant so that measurements can be made even at low density. Crcuitry is availalie to evalu-
ate the probe current-vidtage characteristic, using either a dc bias fcr point-to-point ireasureet or
a swel bias for continuus measureme. Ihe probe has been used to measure electron density in
the glow discharge and will also be used for measuring the electron temperatum

We have also studied the current-voltage characteristic of the discharge at various pressures.
We have observed that the current drawn from our coantant voltage suliy has a tendency to be
unsteady both on a short time scale (corresponding to flashes of light hrom the discharge) and on a
longer time scale (slow drifts of both increasing and decreasing current). To remedy this problem,
we ae irsrerng the vdtag dropping resstors which are in series with the glow discharge so that ..

lffectively the discharge will see a cangant current supply.

(2) Nmodefing and Simulation

The simulation model we are working with for the planar magnetron has been described in

Rgure 6 page 56 in the previous QPR (3 and 4, 1984). We are curretly inplementing modelling of
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ooniatio by volume creation of clectrcn-ioa peirs with pravisios to make this a function of local
viabies (e.g., local dnsity), aflowing the mageuic field to vary with dis;ance from the cathode,
and insting additiona Mfsport dianmustc.

Electroan-nutral colisiom are modelled with electron scatteing aff a fixed bakground of
zsrais as if hard and masuve spheres (elastic collimso). At a given time step, the number of coli- Jr
iom that occur is deterined through an inveme cumlative Pamon distibution so as to be ranxkrn
in time, about a gMver ro value. ITr prticles to be scattered am chosen ram nly from the par- .
tide population; a particle may be scattered more than once in a given tme step. Scattering angles .
are chosen using the come prdxity for hard sphere collisions and the phme angle is c -' un-
fomly ranmnly in the interval 0 to 2'. The computer routines to model cdlisiom in this mann.r
have been writtem and are being tested to see whether they produce the expected statistics for the
angular spread in time of an initially mno,-en i aistbaion of baibstic particles (a beam). The " "
free prameter for this model is the density of the background neutras. This mode does not prop-
euly handle enegy ecahan betmween species or ionization and excitation of neutrals. However, we
believe it is a god ist step for the effect of cdlisions on the plasma behavior in the regime where. -...

dectron-neutral cdlisiom eceed Coulomb cdllisiom .

C. Particle Slnmlatlos of the Low a Pierce Diode
T. L Crysal, S. Kuhn .-...

ins work was completed with publication of an article with the above title and authors in
Physics of Fkid4 28, pp. 2116-2124, July 1985. - ."',

D. Thermaod, c Emission I-V Knee Paradox

Pey Cray, Win. S. Lawson (Prof. C. K. Bhdsal)

(1) lywr 'an. Electrn ernimion currem density in a planar diode with a hot dispenser
cathode (theionsc ezcnuion) is suposedly well known. Ho er, R. T. LXanO prqxo d that the
net curmt denity from a hot cathode was a particular mixture at space-charge and temperature
limited valum. H pmposed the enmirical fit

1 = 1 + 1 ()...A
Ju ,i J,p c dinp rmtud Jmuubu riuiad

V-~~~~. ...-iid WP--r

where the space-charge limited current density is the usual Child's Law (1911)

'Sc =KIV3/ 2/d 2  (2) %

and the temperature-limited current density is the usual Schottky Law (1914)

J'i Jmmfrtdexpf 2  (3)

where V is the anode vltage and d is the cathode-anode spacing. Longo2 showed remarkable agree-
, reproduced here as Figure 1, with Eq. (1), with no sharp knee juncture of Eqs. (2, 3); he

labels this as "Uangmuir Theory" (perhaps a trifle unfair).
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Longo found fommla (1) to hold at different diode spacings and at different temperatures. His '
cdlcagur, E. A. Adler, has looked at the effect of work-function n foniifcamites (patchiness) and
found analytcafl9y that the moon of partides in two dimensions temds to average out the effects of- - length scales that are large compared with AD. Patchiness effects were also meas-
umd experimentally (Longo, Adler, Harrison, and Siuxlquist'), umng a 0.005" sampling ho' in the
mode scanned acr a single crystal IaN cathode, finding average work function variation of 0.001
eV (tiny) o= an average path length < 8 j4 the coclusion was that the deviation (smooth not
sharp knee) cam be entirely understood by patch effect Adl_ and Lwgo state that noe in the
emitted curent and in the space charg can also resut in a smoothing of the tranmition between the
two regimes of the diode they emp -that the diode is a m m device, very strongly so at the
transition, so that it is quite possible that noise can affect the time-averag current.

(2) Reltion to work her. Our grop has been active in bounded lasma theory and simula-
tion, especially in studying the plasma sheath since 1981. The dectrw emirt (not a plasma, no
ions), in saw sanse, is a version of the sheath, it may have complicated phase space and appreciable
fitctuatiam, is capable of rectifying, and so on. Hence, it is quite natural to study the U"me-

dent electron emitter (a "non-nmral plasma") along with plasma sheaths. It is even advanta-
Veous to do so, as past escunsi have lead to useful inventions. (Our noise studies in 1959 lead to
virtual cathode osclati (see HrdmI and Eidges6) which now are caled vurs, producing
immese microwave and millimeter wave powers.) The Hughes group has provided coniderable
insight into the "smooth knee" proben and stimdated us to look into the role of f ituations in
roduing the smooh knee, which we are now starting.

(3) Past work here. The closest past work here is that of S. Rousset 7 with the Chikl-
Langmui diode. His cool injection short-ciut diode results (Figs. 27, 28 for constant injection)
show nearly congatt anode cument (Jt4O) but very large periodic busts of current returning to the
cathode (ike relaxation oscillations) and non-imple motion of the potential minimum in space
(veisu time). His warm injection diode results (Figs. 29, 30), howevar, show almost no oscillations
in any comnuent of the currnt (Jt6O) and more dearly steady potential iniuzn (These are also .
like the cold and warm virtual cathode ocibations of ReL 6.) The sale differnce is the temperature '-

of the injected particles; the emitted number/secd is the same. These differences in current appear
to be in the direction of the effect being saught, but with no aplied potential.

(4) Curren work. We need to be more quantitative with a model like Rousset's, looking at
nine and at internal bursts and oscillations. Romuset modified ar periodic code ES1 to allow fcr
rion-neutral charge deity, using an invemsion technique, We will use our bounded code PDWI for F
the sam purposes.
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SECIION m: CODE EEVELOPMENr AND SOFIWARE DITRIBUI1ON

Codes which we have dewdoped or modied here are, neraally speaking, available for the ask-
in. We are making arrangenWo with our Inhsrial Liaisom rogram to harde distributiom, at, ,.

cost, at listins, tapes and/or diskettes. In a la= report we wil provide a list cf codes and related
material avilzable and how to obtain such. If you use those, we amly ask that you acknowledge the S
msnce and also send us yoar results as plI~lished in reports or jmak.

(Not al of the codes mentioned in am reports are availabl for distribuztri; same are Ange-
purpom , ingle-user, too stlzed for outside use.)

A. POLY: A Hybrid Scheme for the Solution of the Vlasov Equmlion

K. ThciUvzber

L INTRODUCTION.

In this report, we present a hybrid numerical scheme for the simulation of
plasmas where one component can be modelled by linearized fluid equations, the
remainder of the plasma being described by the full Vlasov equation. For both
plasma components, numerical solutions are obtained through finite-difference
methods.

For instance, the hybrid scheme is well adapted to the study of the initial
phases of the weak warm beam instability, where a weak beam interacts with
a massive bulk plasma. In this situation, it is essential to retain all of the
phase-space dynamics of the beam. On the other hand, the bulk plasma merely
sustains plasma oscillations, and it is appropriate to model it as a linear fluid,
thereby saving a very considerable amount of mesh size and computational time.

In what follows, we shall present normalized equations for the beam-plasma
problem, and then sketch our methods of solution. It should be kept in mind
that the formulation of the problem can be generalized in a straighforward

fashion: thus, the 'beam' can just as well represent a warm but stationary
plasma, and its density need not be small compared to the density of the bulk
plasma; the model for the bulk plasma can be modified, so as to include thermal
dispersion or damping, effects which we are ignoring in the present formulation "' '
of the scheme.

If. THE PHYSICAL PROBLEM AND ITS NORMALIZATIONS.

Our plasma is one-dimensional and consists of one species, electrons moving
against an immobile neutralizing background of ions. A qualitative sketch of
the initial, unperturbed distribution function is shown in Fig.(1), in which the
curve representing the bulk should be thought of as a very narrow, cold beam
at v = 0. Because our code is aimed at exploring the initial turbulence created
in the beam-plasma instability, we can think of the beam distribution function
as a tunable source of free energy.

Let the total, averaged spatial density of the electrons be no, with this
density split between the bulk, nop, and the beam, noB, nop + no = no In.

%**-.
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the weak warm beam instability, the beam is a small perturbation to the bulk
so that nOB < nop, but this condition is not assumed in the numerical scheme.

We model the bulk evolution by the coupled linearized continuity and mo-

mentum equations: N

a a+" = -, ' P, (1) "'...

at
a.p E(x, t) (2) :,.j

where ip and '2p are the linearized fluid variables. It is straightforward to add
thermal dispersion or damping terms to these equations, but for simplicity we
shall keep the bulk plasma as cold and collisionless.

The beam is described by a distribution function, fu (z, v, t) which evolves
according to the Vlasov equation: -'

at a qa
a fB + V2fB + I fB -0, (3)3t az rn av

with the normalization of the unperturbed distribution function:

dv fB(v) = noB, (4) -*-"I

The electric field E(z, t) is determined self-consistently from Poisson's equation:

E() "OP+ (Zt)+ dvfB (zv,,t) - no (5)
aC +) (o Z-t)-- ,

where we have subtracted from the electron-charge source terms the neutralizing
charge of the immobile background ions.

We proceed to normalize eqs.(l- 5). We already have a characteristic time-
scale, determined by the plasma frequency:

2qn2 q no,4 = moW (6)

but, because the bulk is cold, we cannot choose its thermal velocity as a refer-
ence velocity, nor the Debye length AD = 2- wp as a reference length. Rather, ''
we introduce a reference velocity VR which will remain arbitrary for the mo-
ment, but which eventually will be tied to the width of the beam. The reference
length is then A - vt/wp, and we define the normalized variables as:

-19-
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t= WPt, (7)

Z'= /AR, (8)

U' = ?/V. (9)

qE , (10)

mIwp yR

U'P =pIR, (11)

n' fip/no , (12)

f --- B- (13) 0
ioB

Eqs.(1- 5) then become:

np e -- - u , (14) .

a. a,a ,

E '. ( 1) 
-

+ ' + =0, (16)

dv'ft'(v') = 1. (17)

7,E' R n, + RB f'du- 1 (18)

where we have defined the important parameters,

RB --- no (19)

R no _.(20)

which gauge the relative bulk and beam densities, the total density being nor-
malized to 1, with Rp + RB =. For convenience, we shall drop all primes in
referring to the normalized equations.

For eqs.(14- 18), we can define the normalized energies of the electric field, *

of the bulk plasma and of the beam plasma particles. These are, respectively:

-2 . .- °
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WE= f E(,t) dx, (21)

WP = RPf4,(Z',t) d, (22) .

WB = RMf ,2f(, v,, t) dx dv. (23)

and with these definitions, conservation of the total energy of the system follows:

d d
wTOT (wE + Wp + WB) =0, (24)

IL BOUNDARY CONDITIONS.

The variables hp and tip are defined on the one dimensional spatial mesh
,(i- 1)Ax,t = 1,2,3,...,Nx. The beam distribution function f(x,v,t)
requires of course an additional mesh in v-space, vi = vnin + U - 1)AV,j =
1,2,3,...Nv, where vNy = umax, and f is defined on the Nx x Nv two-
dimensional mesh. The spatial boundary conditions are chosen to be periodic,
while in u-space we require the distribution function to be zero at the extreme
boundaries, v = vmin and v = vt.ax. This latter requirement is not physical
to the extent that the distribution function should really extend to arbitrarily
large velocities. In operation, the Vlasov solver will tend to transport some
density beyond the maximum velocity bounds, and in so doing will "forget" the
profile of what was loet to higher velocities, resulting in a density (and energy)
loses over time. However, by choosing vmin and vmax somewhat larger than
the beam width and thus insuring that f is very small at the boundaries, these
losses can be made extremely small, thus insuring consistency of the assumption
of stricly zero density at the edges. The exceptions are those when very strong
trapping occurs, in which case the trapping widths may extend to beyond the
boundaries and density lost to high velocities.

- . --. . .
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IV. THE POISSON SOLVER.

We solve Poisson's equation:
o.

"-E n, (25)

in two steps, through a potential #:- ,.

2
- , (26)

a (27)

with the finite-difference form of these equations:

" +1 - 20i + O,- 1 = -Az 2 n (28)

,(29)

With a Fast Fourier Transformation, the solution for E is:

---- -i-cot - n(/), (30)

2 k2 ~'1
where k is the discrete wave-vector.

V. PUSHING THE BULK PLASMA.

In advancing eqs.(14- 15), we use a finite-difference scheme of the "leapfrog"
type, with the density defined at the same time as the electric field, and the
velocity at ±At/2 time intervals before and after. Dropping the P subscripts
on the variables, we have:

~(t1/2) _ (n-1/2) 2z(~ t"~'(1:'"'."F "_ - "-: U +) (31)

(""+i) (n+1/2)-.. , ., At Eni . (32)

where the superscripts indicate the time positioning. We solve eqs.(31) and

(32) in Fourier space, with the FFT equations:

*' 
.,,*: .. ",s.

....

• ". -'I-. .
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,n(-./() - ,.(,,-,,) (k) -= s,,n,(k =) u(')(k), (33) :,-:;:
,,("+ 1) (k) -,.,€) (k) =%= ,,r ().(4 ",_,

While we have assumed so far that the bulk plasma is perfectly cold, the
inclusion of a thermal dispersion term in eqs.(33- 34) should be straightforward, ".. and will be attempted in future work. The overall accuracy of eqs.(33 34) is

o(,t,, A.).

VI. PUSHING THE BEAM PLASMA. :

The beam plasma distribution function is evolved synchroneously with the ,-.,
bulk equations (31- 32), using a split-step method (C.Z. Chang and G. Knorr) ..
which involves transport in only one dimension, z or v, at a time. Had we a .-.
perfect one-dimensiona transport scheme, the code would proceed as follows: ..-

-1 ' 2 )(k - u 1oAt, v), (35)

(,+l) X1 ) & 12) (Z'V +12 t

. ("')(k,,) = u("+/)(=, 1o E(' /=  (Ic) t) (34) ""

where we+ /
2
) (Z) is determined self-consistently with the bulk and bearet desi-

. ties n('+ /l ) an f(+ 1/2) (Z, V). Such a procedure can be shown to be accurate ,
to order f(&ta), the main difficulty resid in fin 3din4 a comparably accurate

transport scheme. Such f scheme is the 'flux-corrected transport' (F T) of

Boris and Book('), which incorporates exceptionally low diffusivity over a large,:'.'
number of time steps. '.:

We shall not describe the FCT scheme in detail, but note the salient fea- .-:
tures of the em p sa dsrbution e heart o FCT is a smart , nonlinearywih
filter which ins interposed between a diffusive and an antidiffusive step. The

nonlinear filter recognizes which features of the transported function have to be

diffused for numerical stability, but preserves to the maximum extent physically . .
meaningful features such as shock fronts. Because of this, FCT is well adapted ' .
to the smixine' character of the Vlasov equation, where regions of different "'.
densities may coexist on short space and Velocity scale$. ' --

In the terminology of (1) we are using a' low phase errors , explicit, * phoeni-
cap FCT scheme, which solves the onme-dimensional transport equation:

p + V p = O, (37)

In the notation of (zthe diffusion and antidiffusion coefficients are, respec-
tively: " :
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+ 3 (38)

1 21 1(39)

where e VAt/AC measures the displacement at each time step relative to a
mesh size. Transport in z and v are not handled in exactly the same way, as".*.-
in the first case periodic and in the latter zero-value boundary conditions are

imposed. In particular, as discussed in Section III, some particle loss to the

edges in velocity space is inevitable but can be made very small.

VII. ENERGY CONSERVATION.

In the absence of the beam plasma, the bulk equations (31- 32), coupled
to Poisson's equation (30), have an exactly conserved quantity which reduces
to the sum of kinetic and electric-field energies in the limit Ax, At - 0. If we
define all quantities at the (n + 1/2) time-step, then the electric-field energy is:

(,i+1/2) = 1 E f.~+1/2)) 2  A (0

and the corresponding bulk kinetic energy is: .

(n+1/2) 
) -

_ iR (n+I) (n) (Ui +) - (n+I)) (n) - )) .-

(41)
The second term in the sum, which vanishes as Ax - 0, is a numerical "pres- .. '-
sure' term, which arises from numerical dispersion. Thus, when Rp = 1 and

RB = 0, the quantity

(n+1/2) (n+1/2) (n+1/2) (2
WTOT WE + ,p (42)

is exactly conserved during the plasma oscillations of the bulk.

On the other hand, while FCT conserves the integrated density exactly, it
conserves energy only to O(At2 ). As the split-step transport scheme is itself
only O(At 2 ) accurate, this is not a serious limitation. To O(At2 ), the beam
kinetic energy is at the (n + 1/2) time step:

Nx Nv
(n+1/2) =~ ;- I~ *2~f+)+ xA 4)

W 1v7+0 + !7)) . A, (43)

j "%"
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and with R2 3 0, the quantity: -rF

~~~~(n+1/2) (,n+1/2) + 1+/2) + (n+1/2) 4)..- .
WTOT WS +P +. W

is conserved to O(At 2 ) at each time step. These quantities correspond to the

continuum quantities of eqs.(21- 23), and eq.(44) to the exact, physical energy
conservation relation (24).

VIII. LANDAU DAMPING ON A MAXWELLI.AN.

For the initial testing of the code, and to motivate the rational development . .

of its diagnostics, we considered a series of small-amplitude numerical experi-
ments in which the accuracy of the integration scheme could be confronted, at
least in the domain of linear theory.

We started with a series of experiments on linear Landau damping, for -. "-.
which we ignored the bulk package by setting Rp = 0, and for which the
'beam' was no longer a beam, but a Maxwellian centered at v 0 0. For these
experinents, the initial, unperturbed distribution function is given by:

fo(w) - 1/ (-v 2 /2AVb 2)(45)

and we considered the decay of a small, initial perturbation:

f(z,, t = 0) = fo(v)" (1 + b coskbz) (46) '

where b < 1. Note that in our normalized system, where wp 1, the Debye
length for this thermal plasma is simply AVb. Starting from (46), an exact
analytic solution of the linearized Vlasov-Poisson system yields:

b Q.. f. V-

E(z, t) = + bin(f)cos(wt)c-iD + 47)e 7
Tb kb JE(kb, kbi)

where w i W + i-y is the exact solution of the plasma dispersion relation:

e(k,w) = 1 + - f 6 dv = 0, (48)

which, for the Maxwellian distribution function becomes:

1-+k 2A,. 2 1.,Z()) 0, J

where = w/v2kAu b. In deriving eq.(47), we did assume that wR/kb A AV. q
The first term in (47) is the linear fluid response of the plasma, with in addition a

* %

L...
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Landau damping term exp(-'yt). The second term is the ballistic contribution,

which for the Maxwellian fo(v) decays a:

e.,'p(-2/tM), (50)'"

where the phase-mixing time tpM is given by:

vr23

tPM =
kb()"b'(51

For instance, we analysed the time-evolution of the electric field energy
with the initial amplitude b = 0.001. For t _> tpm we should have:

WE (t) = E (O)e- cos(wt), (52)

and thus an analysis of the curve of WE (t) can yield the numerical values of

waR and -y. An artisanal but reliable technique was used: the real part of the
frequency was found by measuring, by hand, the spacing of the zeros of the .4
field energy, while the damping was found from the decay of the envelope of
the curve, also measured by hand. In fig.(2), the results of several runs are -
compared to the exact solution of eq.(49), obtained through Newton's method.
The agreement is quite good. As an aside, we should note that the traditional ".
electron-plasma dispersion relations:

1 + 3 k62 v 2 , (53
A-,, (53)

a= 1 +

8 = .- ,. kA (54) .b.,

is of limited validity, kbAvb < 0.1.4' , _%;.

IX. CONCLUSION.

The predictions of the hybrid code POLY have been checked in the case of
Landau damping, a nontrivial linear phenomenon. Furthermore, in connection
with the study of beam-plasma turbulence (the "turbulent trapping model'),

we have been able to verify that the code yields

results for small-scale, nonlinear plasma behavior which are consistent with the
analytic models. We are thus gaining confidence that POLY is a robust numer-
ical tool, which should have a wide applicability in situations where detailed
dynamics are required for only a limited region of phase space.
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Talks at Eleventh Intemnational Couif = am Numerical Simulation of Plasma, Montreal, Quebec,
Canada, 25-27 June 1985:

C. K. rdsall, W. S. Lawson, T. Crytal, S. Kuhn, N. Otani, 1. Roth, and A- B. Langdon,
"Prdiam of bounded particle simulations and first Sweratio sdution," preseted by Law-
son, paper 3.A.O1.

R 1. Cohen, M. E. Stewart, and C. K. Brdsall, "Direct implicit particle simulation of tandemr
nnmi ," paper 3.B.14.

. Poster pawn at Sherwood Theoy Conference, April 15-17, Univrity of Viscamn, Madison,
Wisconin (abstrats fdlow). The paper by Tm1baber was also gwen at the International Confere
on Stochasticity and Turbmlence in Plasmas, March 26-29, 1985, Institute for The retical Physics,
University of California, Santa Barbara.

C. K. Birdsal spent mct of January and February vsiting at (trip report availadle on request) -." -
(1) Max Planck Institute for Plasma Physics, Garching, West Germany, working in the
ASDJEX group under Dr. Karl Laclmer and especially with Dr. Rtand Caodura, on plasma- .~~wall interactions, ;-

(2) Institute for Theoretical Physics, Imbruck, Austria working with Dr. Siegbert Kuhn,
also on plasma-wall interactios.

C. K. Brdsal taught a course on Numerical Plasma Simulation, 10-21 Jun, at the Spling Col-
lege an Plasma Physics (Charged Particle Transport in Plasmas) at the Ineational Centre for
Theoretical Pthysics, Trieste, Italy. (20 hams of lecture, 7 pects, hands on)
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Numerical Simulations of "Turbulent Trapping" and the Bump-on-Tail
Instability. K. Theilhaber, Electronics Research Laboratory, University
of California, Berkeley, CA 94720; D. Pesme and G. Laval, Centre de
Physique Th~orique, Ecole Polytechnique, 91128 Palaiseau, France.

Theoretical studies (l) strongly suggest that in the presence of
sufficient turbulence, the growth rate of the weak warm-beam instability
is significantly modified from its quasilinear value, and that a con-
current modification of veloclty-space diffusion should occur. The
criterion is approximately (k D) > , where D is the quasilinear
diffusion coefficient, and Y the quasilinear growth rate. This is in
fact a regime always attained after a sufficient number of e-foldings.
We numerically study the old paradigm of quasilinear theory by starting I.

the instability in the presence of an initial turbulence, for a one-species, "
one-dimensional configuration. We shall present results for growth-rates,
diffusion, and the correlation functions of the distribution function. .
In particular, we shall show the links to the "clunp" turbulence of

T.H. Dupree and co-workers (2). -

(1) G. Laval and D. Pesme, Phys. Rev. Letters, 53, 3, 270 (1984).
(2) T.H. Dupree, Phys. of Fluids, 15, 334 (1972).
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Simulations of the Effect of ICRF Waves on the
Interchange Instability'

Niels F. Otani
Electronics Research Laboratory

University of California
Berkeley, CA 94720

Recent results from the Phaedrus experiment at Wisconsin suggest that stabiliza-
tion of the interchange mode in mirror plasma may be possible using RF waves
excited externally in the vicinity of the ion-cyclotron frequency.' Two simulation codes .'-. .-
have been developed for the purpose of studying the effect of ICRF waves on the
linear growth rate of the interchange instability. Both codes model essentially the
same system. The simulation plane is oriented perpendicular to the background mag-
netic field. An external gravitational field is fixed antiparallel to the density gradients
initially present in the system. Full dynamics of the ions are followed while the ele-.-
trons are represented as a cold ExB fluid. The plasma is assumed quasineutral and
the Darwin approximation is made. In the original code, no significant stabilization is
observed for long interchange wavelengths (kL, <1) and large RF fields
(e 27E[2/4m, 2 u02g-O(1)). The parameters required for tests of the effects on short
wavelength modes (kL, >> 1) excite numerical instabilities which appear related to an
insufficiently accurate representation of the Lorentz force. A new code employing a -
different algorithm is being developed to bypass this problem. Supporting theory will
also be presented.
Work supported by DOE Contract No. DE-AT03-76ET53064. Computations facilities

provided by the National Magnetic Fusion Energy Computer Center.
1J. R. Ferron, N. Hershkowitz, R. A. Breun, S. . Golovato, and R. Goulding. Phys.
Rev. Lett. 51, 1955 (1983).
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A MODEL OF THE PLASMA-SHEATH REGION INCLUDING.
SECONDARY ELECTRON EMISSION AND ION REFLECTION

L.A.Schwager and C.K.Birdsall

Plasma Theory and Simulation Group
Electronics Research Laboratory

University of California, Berkeley CA 94720 .

A low "temperature plasma interacts with a collector plate

primarily through the emission of secondary electrons and

the reflection of plasma ions. These phenomena affect the -

electrostatic potential drop across the sheath region and ,,- .
hence plasma transport to the plate. The computer code PDW1

models this behavior. The code is a one-dimensional, time-

dependent electrostatic particle simulation. Particle ions

and electrons, with a reduced mass ratio, are injected con-

tinuously from a plasma region into a plate where ions are

reflected or cold electrons are emitted. A parametric study

of the dependence of potential drop on interaction coeffi-

cient and mass ratio is presented. We have also developed -

theory for the effect on potential of ion reflection, for

the cases of Ti=O and Ti=Te, and of secondary electron emis-
sion for Ti=Te. The simulation results for ion reflection .

approach those of our theory for the cold ion case. The sim-

ulation results with secondary electrons compare well with

previous theory' for cold ions and demonstrate charge sat-

uration as predicted.

1G.D.Hobbs and J.A.Wesson, Plasma Physics, Vol.9, 86 (1967) '

Work supported by U.S.Department of Energy under
contract DE-ATO3-76ET53064.
Computation facilities provided by NMFECC.
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